Actinobacillus actinomycetemcomitans produces a toxin called cytolethal distending toxin (CDT), which causes host cell DNA damage leading to the induction of DNA damage checkpoint pathways. CDT consists of three subunits, CdtA, CdtB, and CdtC. CdtB is the active subunit of CDT and exerts its effect as a nuclease that damages nuclear DNA, triggering cell cycle arrest. In the present study, we confirmed that the only combination of toxin proteins causing cell cycle arrest was that of all three recombinant CDT (rCDT) protein subunits. Furthermore, in order for rCDT to demonstrate toxicity, it was necessary for CdtA and CdtC to access the cell before CdtB. The coexistence of CdtA and CdtC was necessary for these subunits to bind to the cell. Cells treated with the glucosylceramide synthesis inhibitor 1-phenyl-2-palmitoylamino-3-morpholino-1-propanol showed resistance to the cytotoxicity induced by rCDT. Furthermore, LY-B cells, which are deficient in the biosynthesis of sphingolipid, also showed resistance to the cytotoxicity induced by rCDT. To evaluate the binding of each subunit for glucosylceramides, we performed thin-layer chromatography immunostaining. The results indicated that each subunit reacted with the glycosphingolipids GM1, GM2, GM3, Gb3, and Gb4. The rCDT mixture incubated with liposomes containing GM3 displayed partially reduced toxicity. These results indicate that GM3 can act as a CDT receptor.
apoptosis of cultured B-cell lines in an ataxia telangiectasiamutated kinase-dependent manner (5) . Recently, it has been reported that CdtB exhibits limited amino acid sequence similarity with the DNase I family of proteins and that purified CdtB exhibits very low but measurable DNase activity (11, 19, 21) . The cellular responses to DNA damage lead to the characteristic G 2 /M cell cycle arrest, cellular distension, and nuclear enlargement observed in intoxicated cells (29) . Although cytotoxicity caused by exogenously administered toxin requires all three CDT subunits, CdtB alone can reproduce all of the effects of CDT, provided that it is administered in very small quantities directly into the cytosol of target cells by either microinjection or transient expression (19) . The mechanism by which CDT enters cells is not completely understood. However, the results of experiments using a number of pharmacological inhibitors have suggested that the toxin enters cells by means of receptor-mediated endocytosis, traveling deep into the endocytic pathway (4) before CdtB is delivered first into the cytosol and then into the nucleus of the target cell. While progress in understanding the function of CdtB has been made, there is still little known about the precise roles of CdtA and CdtC in CDT function. Recent evidence indicates that all three CDT subunits are present in the CDT holotoxin, probably in a 1:1:1 stoichiometry (20) .
There are many protein toxins that bind to glycosphingolipids (GSLs) on the cell surface prior to invading host cells. The best known of these is the cholera toxin, an enterotoxin produced by Vibrio cholerae for which the specific cell surface receptor has been identified as ganglioside GM1. Cholera toxin consists of a pentameric B subunit that binds to GM1 and an A subunit with direct toxic activity. Other ganglioside-binding bacterial toxins include tetanus toxin (GD1b), botulinum toxin (GT1b and GQ1b), and delta toxin produced by Clostridium perfringens (GM2). Shiga toxin produced by Shigella dysenteriae and Vero toxin produced by enterohemorrhagic Escherichia coli bind to GSLs having an ␣-1,4 galabiose moiety in the sugar chain, such as Gb4 and Gb3 ceramide (2, 13, 16) . Abundant evidence indicates that cholesterol plays a critical role in the endocytosis and transcytosis of these glycolipidbinding toxins via lipid rafts, which are highly enriched in cholesterol, GPI-linked proteins, and GSLs. CdtA shares some similarity in folding structure to the ricin B chain, which is involved in ricin binding and uptake (11, 20, 26) . It is well known that the ricin B chain binds galactoside, but the cell surface component to which CdtA binds it is not yet known.
In the present study, we used purified recombinant A. actinomycetemcomitans CDT subunits to determine the activity of reconstituted holotoxin and investigated the binding of the holotoxin or individual subunits to U937 cells. In addition, we suggest that CDT binds to GSLs and identified GSLs that are bound by CDT.
MATERIALS AND METHODS
Cells and culture conditions. The human monocyte cell line U937 was grown in RPMI 1640 (GIBCO) containing L-glutamine, 10% fetal calf serum, streptomycin (100 g/ml), and penicillin (100 IU/ml) in an atmosphere containing 5% CO 2 . For the depletion of sphingolipid, U937 cells were incubated for 10 days at 37°C in the presence of 8 M 1-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) and then washed twice with phosphate-buffered saline (PBS) (18, 39) . The serine-palmitoyl transferase-deficient cell line derived from CHO-K1, LY-B, and its complemented derivative, LY-B/cLCB1, were kind gifts from K. Hanada (9) . Ham's F-12 medium supplemented with 10% newborn calf serum, streptomycin (100 g/ml), and penicillin (100 IU/ml) was used as the normal culture medium for LY-B and LY-B/cLCB1. Nutridoma medium (F-12 medium containing 1% Nutridoma-SP [Boehringer Mannheim] and gentamicin [10 g/ ml]) and Nutridoma-BO medium (Nutridoma medium supplemented with 0.1% fetal calf serum and 10 M sodium oleate complexed with bovine serum albumin) were used as sphingolipid-deficient culture media. In this condition, the level of GM3 on the LY-B cells was approximately 30% of that on CHO-K1 and LY-B/cLCB1 (9) .
Purification of recombinant proteins. E. coli transfected with the expression vector pET-28a containing the cdtA, cdtB, or cdtC gene was grown overnight in Luria-Bertani (LB) broth containing kanamycin (30 g/ml) and rifampin (200 g/ml), diluted 1:20 in fresh broth, and incubated for a further 3 h at 37°C. To stimulate gene expression, 1 mM isopropyl-␤-D-thiogalactopyranoside was added and the culture was incubated for 6 h at 30°C. The cells were harvested by centrifugation at 5,000 ϫ g for 30 min and then resuspended and lysed for 10 min in the protein extraction reagent B-PER (Pierce & Warriner Ltd., Cheshire, United Kingdom). As the expressed proteins were contained in inclusion bodies, purification was performed as described by the manufacturer of the B-PER reagent. Briefly, the lysates were centrifuged and the pellets were resuspended in the same volume of B-PER containing lysozyme (100 g/ml) and incubated for a further 5 min at room temperature. A 10-fold volume of B-PER diluted 1:10 was added to the lysates, and the inclusion bodies were collected by centrifugation at 15,000 ϫ g for 20 min. After being washed twice in the same volume of diluted B-PER, the pellets were treated with 8 M urea in PBS, pH 7.5. The recombinant proteins were purified using Ni-nitrilotriacetic acid-agarose columns under denaturing conditions as specified by the manufacturer (QIAGEN Ltd.), except that after lysates were loaded onto the column, an additional column wash consisting of 2.5 mg of polymyxin B per ml of wash buffer was performed to remove lipopolysaccharide. The refolding of the denatured proteins was performed as described previously (1) .
Analysis of cell cycle inhibition. To measure cell cycle arrest induced by the CDT proteins, U937 cells were seeded at a density of 1 ϫ 10 5 cells/ml in a 24-well plate and incubated with 250 ng/ml of recombinant CDT (rCDT) protein/ml for 24 h. After incubation, the U937 cells were collected and stained in the dark at 4°C for 20 min with propidium iodide (10 g/ml) in PBS containing RNase (1 mg/ml). For each well, 1 ϫ 10 4 cells were analyzed using an EPICS XL flow cytometer (Beckman Coulter). Cell cycle analysis was performed using MultiCycle for Windows. All experiments examining cell cycle inhibition were repeated a minimum of three times and gave consistent results.
Extraction of nuclear material and Western blotting. The cells were collected after incubation for 24 h with CdtA, CdtB, and CdtC. After washing twice with PBS, the cells were resuspended in nucleous buffer (10 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] [pH 7.4], 10 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol, 20 M cytochalasin B, protease inhibitors [Complete] ). The cell membrane was fractured on ice using a glass Dounce homogenizer. Nuclear material was collected by centrifugation at 800 ϫ g for 10 min and lysed in sodium dodecyl sulfate electrophoresis sample buffer. The lysate was boiled for 10 min, separated on a sodium dodecyl sulfate-12.5% polyacrylamide gel, transferred to a polyvinylidene diflouride membrane (Millipore), and probed with antihistidine monoclonal antibody (COVANCE). Blots were developed with an ELC Western blotting analysis kit (Amersham Pharmacia) using a peroxidaselabeled secondary antibody.
Binding assay. The rCDT proteins were labeled with the Alexa Fluor 488 protein labeling kit (Molecular Probes) according to the manufacturer's protocol. Briefly, 1 M bicarbonate was added to each CDT protein; the protein was put into a lightproof tube containing Alexa Fluor and stirred for 1 h at room temperature. Unbound Alexa Fluor was removed by dialysis in PBS. After labeling, 5 g of each Alexa-labeled protein was added to cells seeded at a density of 1 ϫ 10 5 cells/ml in a 24-well plate. The cells were then incubated for 3 h at 37°C in the dark and collected after being washed twice with PBS. The labeled protein bound to cells was detected using a flow cytometer.
TLC and TLC immunostaining test. Thin-layer chromatography (TLC) was carried out on high-performance TLC plates (silica gel 60 F254; Merck, Darmstadt, Germany) with a solvent system of chloroform-methanol-water (65:35:8, vol/vol/vol). Neutral GSLs were visualized by spraying the plate with orcinol reagent (0.2% orcinol in 2 N H 2 SO 4 ). The TLC immunostaining of GSLs on TLC was performed according to the method of Watarai et al. (41) with slight modifications. Briefly, GSLs were spotted on a high-performance TLC plate and developed with chloroform-methanol-water (65:35:8, vol/vol/vol). The dried plate was soaked for 1 min in a 0.02% solution of polyisobutylmethacrylate (Tokyo Kasei Kogyo, Tokyo, Japan) dissolved in hexane, allowed to air dry, and then blocked by incubation in PBS containing 1% bovine serum albumin (Wako) and 0.02% NaN 3 at 37°C for 30 min. The plate was then rinsed five times with PBS containing 0.1% Tween 20 (washing buffer; Wako) and incubated with His-tagged rCDT protein (His-CdtA, His-CdtB, or His-CdtC) diluted to 50 g/ml in PBS overnight at 4°C. After this, the plate was washed five times with washing buffer and incubated with a 1:1,000 dilution of anti-His mouse monoclonal antibody (COVANCE) at room temperature for 3 h. After washing with washing buffer, the plate was reincubated with a 1:2,000 dilution of horseradish peroxidase-conjugated sheep anti-mouse immunoglobulin G antiserum (Amersham) at room temperature for 2 h. As a final step, the plate was washed five times with washing buffer and incubated with peroxidase substrate solution, which consisted of 2 ml of 0.3% 4-chloro-1-naphthol (Sigma Chemical Co., St. Louis, MO) in methanol and five volumes of 100 mM Tris-HCl buffer (pH 7.4) containing 200 mM NaCl and 0.01% H 2 O 2 for 10 min at room temperature. The plate was washed with water to stop the reaction.
Preparation of liposomes. Liposomes for the adsorption experiment were prepared using the following method. Distearoylphosphatidylcholine (7 mol), cholesterol (2 mol), and GSLs (GM1, GM2, GM3, Gb3, or Gb4), each dissolved in an organic solvent, were mixed in a molar ratio of 1:1:0.1 in a conical flask. The lipids were dried on a rotary evaporator and then placed under high vacuum in a desiccator for 30 min. After the addition of 500 l of PBS and incubation at 50°C for 3 min, the lipid film was dispersed by vigorous vortexing and the resulting liposome suspension was centrifuged at 16,000 ϫ g for 20 min at 4°C. After centrifugation, the liposome pellet was used for the adsorption experiment (42) .
Adsorption of CDT by GSL. We tested the ability of GSLs (GM1, GM2, GM3, Gb3, and Gb4) to remove purified rCDT from a suspension. Briefly, 0.5 g of each rCDT subunit (CdtA, CdtB, and CdtC) was incubated with GSL-containing liposomes or liposomes without GSL at 37°C for 60 min. The mixture was centrifuged at 16,000 ϫ g for 20 min at 4°C. After centrifugation, the supernatant was tested for cytotoxic activity against U937 cells. The cells were collected after incubation for 24 h and used for cell cycle analysis as described above (42) .
Confirmation of GM3 expression on U937 cells. U937 cells were incubated with a 1:500 dilution of anti-GM3 monoclonal antibody for 1 h at 4°C. After being washed twice with PBS, the cells were incubated with a 1:400 dilution of Alexa-labeled secondary antibody for 30 min at 4°C. The cells were then washed twice with PBS and detected using a flow cytometer.
RESULTS
CdtA, CdtB, and CdtC are required for CDT toxicity. Several lines of evidence indicate that CDT causes sensitive eukaryotic cells to become blocked in the G 2 phase. To determine the contribution of each rCDT subunit in generating biological activity, the effects of independently expressed and purified rCDT proteins on cell cycle progression in U937 cells were analyzed by flow cytometry. Although no CDT activity was observed in cells with one or two subunits (data not shown), when all three subunits were incubated with U937 cells, the DNA content analysis clearly indicated that CDT caused cells to become blocked in either G 2 or early M phase for 24 h (Fig. 1A) . In control cultures of U937 cells exposed to medium alone, only 12% of cells were in the G 2 phase, with a 2N DNA content. The treatment of U937 cells with all three subunits resulted in 87% of the cells being at the peak of propidium iodide fluorescence, indicating cells in the G 2 /M phase.
Premixing of CdtA and CdtC is required for the activity of CDT. In order to examine the hypothesis that CdtA and CdtC function as heteromeric subunits that mediate the delivery of the active subunit CdtB into host cells, we determined the sequence in which the subunits access the cell surface. Either one or a combination of two subunits was added to U937 cells, and the cells were incubated for 3 h. The cells were then washed twice with PBS, and the missing subunit(s) was added. After 24 h, the cell cycle distribution was analyzed by flow cytometry. When CdtB was added after premixing CdtA and CdtC, the U937 cells showed clear signs of CDT intoxication, indicated by G 2 /M cell cycle arrest (Fig. 1C) . About 90% of the cells were in the G 2 /M phase, similar to the result when the three subunits were added simultaneously. No CDT toxicity was demonstrated, however, when CdtC was added after CdtA and CdtB or when CdtA was added after CdtB and CdtC (Fig.  1B and D) .
The coexistence of CdtA and CdtC is required for binding of these subunits to the cell. Our hypothesis was that CdtA and CdtC would bind to the cell and introduce CdtB into the host. In order to confirm whether CdtA and CdtC actually bound to the cell, we examined the interaction using Alexa-labeled protein. CdtA and CdtC did not bind to the cell independently or in combination with CdtB ( Fig. 2A, C, F, and G) , and bound only to the cell, CdtA and CdtC were coexistent ( Fig. 2D  and E) .
Depletion of sphingolipids from the cell causes resistance to rCDT cytotoxity. U937 cells obtained after 10 days of culture in medium containing 8 M PPMP, a glucosylceramide synthesis inhibitor causing reversible GSL depletion, were cultured for 24 h with 250 ng per ml of each rCDT protein. After incubation, the cells were collected and the cell cycle distribution was analyzed by flow cytometry. After PPMP treatment, the cells showed greater resistance to cell cycle arrest than did control cells. Only 36% of the cells treated with PPMP concentrated in the G 2 /M phase (Fig. 3D ) compared with 61% of cells not treated with PPMP (Fig. 3C) . To further investigate this observation, LY-B cells obtained after 2 days of culture in sphingolipid-deficient culture media were cultured with 1 g/ml of each rCDT protein for 24 h. The sphingolipid-depleted cells showed greater resistance to cell cycle arrest than did the complemented derivative, LY-B/cLCB1. Only 51% of LY-B cells concentrated in the G 2 /M phase (Fig. 4B) , compared with 84% of LY-B/cLCB1 cells (Fig. 4D) .
rCDT binds to GSL. The binding of CDT subunits to GSL was confirmed by a TLC immunostaining test. The binding of each toxin component was investigated using GM1, GM2, GM3, Gb3, Gb4, Lac-Cer, Gal-Cer, and Glc-Cer, which are well-known GSLs. The composition of each GSL and the binding of CDTs for it are shown in Fig. 5 . CdtA reacted strongly with GM1, GM2, GM3, and Gb4. CdtB reacted strongly with GM1 and GM2 and weakly with Gb3 and Gb4. CdtC reacted strongly with GM1 and GM2. No toxin subunits reacted with Lac-Cer, Gal-Cer, or Glc-Cer. In order to corroborate the TLC results, we performed adsorption experiments using liposomes that included GSL. All CDT subunits and liposomes were incubated at 37°C for 2 h. After incubation, the mixture was centrifuged at 16,000 ϫ g for 20 min at 4°C. Each supernatant was tested for cytotoxic activity against U937 cells. Compared with liposomes without GSL, every supernatant obtained from liposomes containing GSLs reduced the toxicity of CTD and partially suppressed G 2 /M arrest (Fig. 6A) . Remarkably, the supernatant obtained from a mixture incubated with liposomes containing GM3 showed a greater reduction of toxicity and greater dose dependency than did the other supernatants ( Fig.  6A and B) . With this supernatant, only 19% of cells concentrated in the G 2 /M phase, compared with 74% of control cells. 
DISCUSSION
We showed that a combination of all rCDT subunits of A. actinomycetemcomitans induced G 2 /M arrest in U937 cells (Fig. 1A) . One or two subunits alone could not cause G 2 /M arrest (data not shown). Recently, Nesic et al. showed that the crystal structure of the CDT holotoxin from H. ducreyi reveals that CDT consists of an enzyme of the DNase I family bound to two ricin-like lectin domains (26) . They stated that CdtA, CdtB, and CdtC form a ternary complex with three interdependent molecular interfaces, characterized by globular as well as extensive nonglobular interactions. This supports our finding that all three subunits are required in order for CDT to demonstrate full toxicity.
While progress in understanding the function of CdtB has been made, there is still little known about the roles of CdtA and CdtC in CDT cytotoxicity. Therefore, to determine how CdtA and CdtC act on host cells, we performed a wash assay. G 2 /M cell cycle arrest was caused only when CdtA and CdtC were incubated with U937 cells before the addition of CdtB (Fig. 1C) . When two subunits were added after another subunit (for example, CdtB and CdtC were added after CdtA), CDT toxicity was not demonstrated (data not shown). In addition, we labeled each rCDT subunit using the Alexa fluorescence system to explore which subunits bind to cells. CdtA required CdtC to bind to cells and vice versa, but they did not bind to cells independently ( Fig. 2D and E) . (22) . These results differ from our findings. The differences may depend on the different cell species or the origin of the CDT. Deng and Hansen claimed that CdtA and CdtC from Haemophilus ducreyi together bind to HeLa cells (6) . This is in agreement with our results. As another group has claimed (20) , these results suggest that CDT is an AB 2 toxin composed of CdtB as the enzymatically active (A) subunit and CdtA and CdtC as the heterodimeric (B) subunit required for the delivery of CdtB into the target cell. We also confirmed by Western blotting that CdtB enters the nucleus (data not shown).
It is known that many bacterial toxins use neutral GSLs, present on the cell membrane, as receptors. We used PPMP to prevent neutral GSL synthesis in order to explore the possibility of a similar receptor being used for the internalization of CDT. Cells treated with PPMP showed tolerance to CDT toxicity, and G 2 /M arrest was partially released (Fig. 3D) . It was possible to prevent CDT from binding to the cell and to reduce the toxicity of CDT by preventing GSL synthesis. Similar results were observed in the sphyngolipid-deficient cells (Fig. 4) . To examine the possibility that rCDT uses a protein receptor on the cell surface, we examined the effect on CDT intoxication of treatment of the cell surface with proteinase K. CDT toxicity was not reduced by this treatment (data not shown). This finding suggests that the intoxication by rCDT requires cell surface GSLs but not proteins. To identify the GSLs that act as CDT receptors, we analyzed the specificity of binding of each subunit for each GSL by TLC. All three subunits reacted strongly with GM1 and GM2. CdtA also reacted strongly with GM3 and Gb4 (Fig. 5) . Next, we performed an adsorption experiment using liposomes, including each GSL, in a manner similar to the cell membrane to elucidate the biological role of GSL in the induction of CDT toxicity. In the actual cell membrane, GSLs are incorporated in the lipid bilayer and are a part of the structure. The supernatant of a reaction mixture of rCDT and liposomes including each GSL (GM1, GM2, GM3, Gb3, and Gb4) or GSL-free liposomes was incubated with U937 cells. Remarkably, the incubation with liposomes including GM3 reduced CDT toxicity (Fig. 6C) . Additionally, G 2 /M arrest was released in a manner dependent on the dose of GM3 (Fig. 6F) . Recently, it has been reported that the HA1, HA3, and HA3b subcomponents of hemagglutinin, which is a component of the Clostridium botulinum progenitor toxin, use GM3 as a receptor (8, 14) . Misasi et al. suggested that GM3-protein complexes are structural components of the prosaposin receptor involved in cell differentiation (25) . We used flow cytometry with a monoclonal antibody to confirm that GM3 was expressed in U937 cells (data not shown). These results show that rCDT may use GM3 as a cell surface receptor. As CdtA reacts with GM1, GM2, GM3, and Gb4, CdtA would recognize GalNAc␤1-3 (or -4) Gal or NA␣2-3Gal␤1-4Glc. CdtB and CdtC react with GM1 and GM2 and would thus recognize GalNAc␤1-4(NeuAc␣2-3)Gal. If GM3 acts as a CDT receptor, the NA␣2-3Gal␤1-4Glc moiety of GM3 may be required for the binding of CDT onto the cell surface. Furthermore, GM3 interacted with only CdtA, which is considered the most essential subunit for CDT binding to the cell. It is known that CdtA shares some similarity in folding structure to the ricin B chain which binds galactoside (11, 20) . This evidence strongly suggests that this structure is involved with CDT binding. Liposomes containing GM3 caused a critical reduction of rCDT cytotoxicity, but the reduction was partial. This finding indicates that other glycolipids or biological materials may function as alternative CDT receptors.
In summary, the cells treated with PPMP showed resistance to cytotoxicity. Each rCDT subunit has a binding ability for GSLs. In addition, the rCDT mixture incubated with liposomes containing GM3 showed significantly reduced toxicity. These results indicate that GM3 may play an important role as the receptor of CDT. Although there have been few reports about the internalization and transportation of CDT, Cortes-Bratti et al. have reported that CDT enters cells by endocytosis via clathrin-coated pits and is transported via the Golgi complex (4) . Efforts continue in our laboratory to examine the precise mechanism of endocytosis after A. actinomycetemcomitans CDT binds to mammalian cells.
